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Abstract Replacement variant genes for different histunes have 
been described in most higher eukaryotes. However, so far no 
such gene has been found for histone H4. We have isolated from 
both Drosophila melanogaster and D. hydei a novel histone H4 
encoding ene, H4r, which displays all the properties of a histone 
replacement variant gene: it contains introns, generate~ ~ poly- 
adenylated mRNA, represents the predominant H4 transcript in 
non-dividing tissues and is present in the genome as a single copy. 
The encoded polypeptide is identical to the Drosophila cell-cycle 
regulated histone H4. The fact that it is a single copy gene makes 
it prone to genetic analysis and it might be a useful tool for 
studying nucleosome structure and function. 
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I. Introduction 
Histones in higher eukaryotes are encoded by two types of 
genes. Genes for repl ication-dependent histones are active pre- 
dominant ly  in the S phase of the cell cycle, they are usually 
present in multiple copies, contain no introns and their tran- 
scripts are not polyadenylated [1]. Replacement histone genes 
are usually single copy, contain introns and produce polyade- 
nylated mRNAs  [I]. All histone replacement genes character- 
ized so far encode proteins which are at least in a few posi- 
t ions different from their repl ication-dependent counterparts. 
A l though cell-cycle regulated genes, encoding all five histones 
(H1, H2A, H2B, H3 and H4), have been isolated from many 
organisms, in no species has a full complement of replacement 
genes been found. For  example, replacement variants of his- 
tone H3 were described in different animal species, plants and 
protozoa [2]. Since newly synthesized histones H3 and H4 
form a complex before they are assembled into chromatin 
[3], one would expect to find histone H4 replacement genes 
as well. Unti l  now no such gene has been described. 
In this study, we report the identification and characteriza- 
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tion of histone H4 replacement genes from Drosophila mela- 
nogaster and D. hydei. The implications of our finding for 
understanding of histone gene evolution are discussed. 
2. Materials and methods 
2.1. Reverse transcriptase-polymerase chain reaction ( RT-PCR) 
Total RNA was isolated from flies of both Drosophila species by the 
guanidinium-thiocyanate method [4] and reverse transcribed in the 
presence of oligo(dT) with the aid of Moloney Murine Leukemia 
Virus (M-MLV) reverse transcriptase (Gibco BRL). PCR was carried 
out on the resulting cDNA with oligo(dT)-adapter p imer with the 
sequence 5'-GCGGATCCGAATTCATCG(Th7 and a degenerate his- 
tone H4 primer mh4-I with the sequence 5'-AAAGATCTAYGAR- 
GARACNCGNGGNGT (see Fig. IA). For the amplification of the 
5' part of the D. melanogaster cDNA 10 gg of total RNA were reverse 
transcribed in the presence of 0.5 pmol of the oligonucleotide m4-1 
with the sequence 5'-TTTGATCAAGTATTTTGAATGTAGT- 
TAAG. The resulting RT mix was diluted 1:50 and oligo(dC) tails 
were added with the terminal transferase (Boehringer Mannheim) in 
the presence of 1 mM dCTP. PCR was performed with oligo(dG)- 
adapter primer with the sequence 5'-AGCTCAGAGCGGGCC- 
GCAAGCTT(G)12 and primer m4-II 5'-CAAGATCTTGCGCT- 
TGGCGTGCTCG. For the amplification of the 5' part of the 
D. hydei cDNA, a pool of total cDNA was C-tailed and PCR was 
performed with oligo(dG)-adapter p imer and primer h4-I with the 
sequence 5'-GAGAATTCTTGGCTGCTGCTTCAG. PCR products 
were subcloned and several independent subclones were sequenced. 
2.2. Screening of the genomic library 
A D. melanogaster cDNA fragment, obtained by PCR with oli- 
go(dT) and primer mh4-I was labeled with [c~-32P]dCTP by PCR 
with the same primers and used as a probe to screen the cosmid 
genomic library of D. melanogaster Canton S strain in Lawrist4 [5]. 
Two high-density filters with arrayed cosmid clones of this library 
were kindy provided by Dr. J. Hoheisel. The filters were hybridised 
in 0.5 M Na-phosphate buffer (pH 7.2), 7% SDS, l mM EDTA and 
1% BSA at 60°C and washed in 0.1 M Na-phosphate buffer, 0.1% 
SDS at 25°C. After exposure to the X-ray film, the filters were 
stripped and rescreened with a D. melanogaster histone H2B probe, 
derived from the cluster of the cell-cycle regulated histone genes ([6], 
positions 677 968). Clones which hybridized to the histone H4, but 
not the H2B probe, were analysed further. 
2.3. DNA sequencing and sequence analysis 
DNA sequence was determined on both strands with the help of the 
ALFexpress automatic sequencer (Pharmacia). Sequence analysis was 
performed using the programs of the GCG Sequence Analysis pack- 
age [7]. The number of synonymous substitutions per site (Ks) was 
calculated according to Nei and Gojobory [8]. Standard errors (S.E.) 
were calculated according to Nei and Jin [9]. 
2.4. Northern blotting 
Total RNA (10 ~tg per lane) was separated on 1.2°/,, agarose-for- 
maldehyde gel and transferred to Hybond nylon membrane (Amer- 
sham). Hybridization was performed under the same conditions as 
described for library screening and the filters were washed in 0.3 M 
Na-phosphate buffer, 0.1% SDS at 60°C. All probes were labeled by 
PCR. The D. melanogaster H4r 3'UTR probe was amplified with 
primers m4-III 5'-GAGGATCCTAAGCGAGTTTGTTGGACCT 
and m4-IV 5'-TTACGGATTTGGCGGTTAAG (Fig. 1A). 
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253 AGAAATGACTGGTCGTGGAAAGGGT~CAAAGGATT~GAAAGGGGGGCGCC~GCGTCATCGT~GGTGCTTCGTGATA 
I Q G I T K P A I R R L A R R G G V K R I S G L I Y  52 
33~ ACATCCAGGGTATCACC~GCCTGCTATTCGCCG~TTGGCTCGTCGCGGCGGTGTT~GCGTATCTCTGGCTTGATTTAC 
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413 GAGGAAACTCGCGGTGTGCTAAAGgtacgttctggcgaaacgaagggaaagtggtgaaaaactgattaatttctcggaaa 
V F L E N V I R D A V T Y T E H A K R K T V T A  84 
493 at tcacagGTATTCCTTGAG~CGTTATCCGTGACGCTGTCACCTACACCGAGCACGCC~GCGC~GACCGTGACCGCC 
M D V V Y A L K R Q G R T L Y G E G G *  103 
573 ATGGACGTGGTCTATGCCCTC~GCGCCAGGGACGCACCCTTTACGGATTTGGCGGTT~GCACGCCCTCT~CCTCCAC 
653 TTGATAAAT~CCATGGAGTT~CTT~CTACAT~CAAAATACTTGATCC~TTG~TCTT~TCAGTAGTATTC~CGC 
733 AAACTT~CCG~CGCAAATATTTTAT~TTTCAC~TATACGGACTAAATAATCAAAAGATATCACATAGAG~CT~ 
813 ATATCATGCATATGTGCAttt~cacttggggcggttaatcatccgaaaataaggtccaacaaactcgcttagggagcaca 
Fig. 1. (A) Structure of the D. me&nogaster H4r gene. Transcription start sites are indicated by horizontal arrows. Black boxes represent trans- 
lated parts and open boxes represent untranslated parts of the exons of the H4r and the punt gene. The vertical arrow indicates the polyadeny- 
lation signal in the H4r gene. Horizontal arrowheads indicate the positions of the oligonucleotides u ed ~r  PCR. (B) Nucleotide sequence and 
the encoded amino acid sequence of the D. me&nogaster histone H4r gene. The nucleotides of the D. me&no~ster sequence are numbered at 
the left starting from the transcription i itiation site, which is indicated in bold and italic. Amino acids are numbered at the right and the stop 
codon is indicated by an asterisk. Introns and the intergenic region between the H4r and the punt genes are shown in lower case letters. The 
polyadenylation signal is underlined and the experimentally determined polyadenylation sites are shown in bold. 
3. Results and discussion 
3.1. Isolation of the H4r cDNA and genomic lones 
We have undertaken a systematic search for histone H4 
replacement variants in Drosophila. It was assumed that  
due to the extremely high evolutionary conservation of his- 
tone H4, a replacement gene would encode a protein quite 
similar to cell-cycle regulated H4 and that its mRNA would 
be polyadenylated. A degenerate oligonucleotide primer was 
designed from the histone H4 sequence and used in combina- 
tion with oligo(dT) for RT-PCR on total RNA from flies. 
One major fragment was obtained. The 5' part of the frag- 
ment encoded a polypeptide, identical to the C-terminus of 
the Drosophila histone H4. The 3' part of the fragment was 
novel in its sequence and had no similarity to the YUTR of 
the cell-cycle regulated histone H4. It contained no inverted 
repeat sequence, characteristic for the repl ication-dependent 
histones. Rather,  it contained a polyadenylation signal near 
its 3' end, as was expected for a replacement histone gene 
(Fig. 1). We called this gene histone H4r (H4 replacement 
gene). The sequence of this fragment was used to design 
two new primers to isolate the 5' part of the cDNA using 
the rapid amplif ication of cDNA ends procedure [10]. One 
PCR product was obtained. It was cloned and several inde- 
pendent subclones were sequenced. The fragment overlapped 
with the 3' cDNA fragment and was identical to it in the 
overlapping region. The 5' ends of the different subclones 
were the same, so we concluded that the isolated cDNA was 
complete in its 5' part. The same approach was used to isolate 
the H4r cDNA from D. hydei. The 5 'UTR of this cDNA is 
probably not complete, because we used a total pool of oli- 
go(dT)-primed D. hydei cDNA to isolate it. 
The obtained H4r cDNA fragment was used to screen a 
cosmid genomic DNA library of D. melanogaster. The filters 
with arrays of cosmid clones, representing together four geno- 
mic equivalents, were hybridized to the probe under non-strin- 
gent conditions. Approximately 60 clones gave a positive sig- 
nal. Most of these signals were the result of a cross-reaction of 
our probe with the histone H4 gene of the histone repeat 
cluster (which is present in the genome in ,~100 copies 
[11]). We assumed that histone H4r gene is localised outside 
of the histone cluster, similar to the replacement genes 
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Fig. 2. Northern blot analysis of the H4r expression. Total RNA 
(10 lag) was prepared from: F -- female flies, M -- male flies, E -- 
embryos, C -- fly carcasses, O -- ovaries. Length of the transcripts 
in nucleotides (nt) is indicated on the left. 
H2AvD [12] and H3.3A and H3.3B [13]. To eliminate the 
cosmids containing the histone cluster copies, we rescreened 
the library with the cell-cycle regulated histone H2B probe 
and analysed those clones which did not react with it. Three 
of these clones, JHD1:72G2, JHD4:19G11 and JHD5:58C4, 
hybridized strongly to the probe. They proved to be overlap- 
ping cosmids, which contained the same 2 kb EcoRI fragment 
encompassing the entire H4r gene (Fig. 1). We also analysed 
several weaker hybridizing clones. In none of them was an 
H4-1ike gene found. 
Taken together, the results of the PCR experiments on the 
cDNA pool and the genomic library screen suggest hat the 
isolated gene, H4r, is the only replacement histone H4 gene in 
the D. melanogaster genome. Also genomic Southern blotting 
(results not shown) and Northern blotting (see below) pro- 
vided no indication for the presence of additional copies of 
the H4-encoding replacement histone gene in this species. The 
fact that the H4r is a single copy gene makes it susceptible to 
genetic analysis. It provides a good opportunity to perform 
genetic experiments with a histone H4 in a higher eukaryote. 
3.2. Genomic organization of the D. melanogaster histone H4r 
Comparison of the cDNA and genomic sequence of the 
histone H4r showed that the gene contains two introns; one 
of ~200 bp interrupts the 5'UTR while the second one is 
located in the ORF of the gene (Fig. 1). This structure is quite 
similar to that of the Drosophila H3.3B genes except hat the 
first intron of H4r is much shorter than that of histone H3.3B 
[13]. The small size of the H4r 3'UTR makes this gene more 
similar to the H3.3A than to the H3.3B gene. 
Analysis of the sequence flanking the histone H4r gene 
showed that there is another gene, punt, which is localized 
immediately upstream from the H4r gene and is transcribed 
from the opposite DNA strand (Fig. 1A). punt encodes a type 
II dpp receptor and is expressed at all developmental stages 
[14,15]. The transcription start sites of the two genes are sep- 
arated by only ,~ 120 bp. This does not leave much space for 
the promoters of the two genes and suggests that they might 
be to a certain extent coregulated. Similarly close linkage to a 
housekeeping gene, encoding the oligosaccharyltransferase 48 
kDa subunit, was also observed for the D. melanogaster his- 
tone H3.3B [13]. 
Analysis of the promoter egion revealed no presence of a 
TATA-box around position -25, which is again similar to the 
promoter of H3.3B gene. The GAGA-factor binding sites [16], 
present in the Drosophila cell-cycle regulated H4 promoter, 
were not found either. Further, we could not identify any 
promoter elements, common for the Drosophila H2AvD, 
H3.3B and H4r genes. So even if these histone replacement 
genes are coregulated, it is not apparent from the comparison 
of their promoter sequences. 
The H4r gene was mapped by hybridizing the 2 kb EcoRI 
genomic fragment to the polytene chromosomes (not shown) 
and was found in the locus 88C of chromosome 3. This is in 
agreement with the localization of the punt gene [14,15]. 
3.3. Analysis of the histone H4r gene expression by Northern 
blotting 
Hybridization of the D. melanogaster H4r cDNA probe to 
Northern blots with total fly and embryonic RNA revealed 
two bands of ~ 400 nt and ,~ 700 nt (Fig. 2A). The ,~ 400 nt 
band corresponds to the cell-cycle regulated histone H4 
(H4cc) mRNA, while the ~700 nt band corresponds to the 
H4r transcript. This was confirmed by probing the same blot 
with the H4r 3'UTR probe (Fig. 2B). The cell-cycle regulated 
H4 mRNA is more abundant both in embryos and in females. 
The latter is caused solely by the storage of the histone cell- 
cycle regulated messengers in the oocytes. To show that, we 
hybridized a Northern blot with D. melanogaster RNA from 
ovaries and fly carcasses (remainder of the fly after removing 
the ovaries) to the D. hydei H4r cDNA. This cDNA is almost 
equally diverged (,-, 17%) from D. melanogaster H4 genes of 
both types in the ORF region and has no similarity to either 
of the genes in the untranslated regions. As one can see from 
Fig. 2C, H4cc mRNA is very abundant in the ovary, while the 
H4r is the predominant transcript in the fly carcass (somatic, 
mainly non-dividing tissues). This result is exactly as expected 
for a replacement histone and is very similar to that obtained 
for the H3.3 genes [13]. A single H4r transcript of ,~800 bp 
was observed in D. hydei (Fig. 2D). This size is in agreement 
with a longer 3'UTR of the H4r cDNA in this species. 
3.4. Sequence comparison of the Drosophila histone H4 genes 
The D. melanogaster and D. hydei H4r cDNAs encode a 
protein, identical to the Drosophila cell-cycle regulated H4. 
This is the first case when a replication-dependent anda re- 
placement histone gene of a particular species encode exactly 
the same polypeptide. The function of the replacement-type 
histone genes is not yet clear, but one can imagine two differ- 
ent possibilities. On the one hand, incorporation ofthe replace- 
ment variant histone proteins might be necessary to alter the 
structure of certain chromatin domains in the absence of re- 
plication. If this is true, one would expect o find functionally 
important differences between replacement and cell-cycle regu- 
lated histone proteins. On the other hand, it is possible that 
low-level synthesis of histones per se is necessary for chroma- 
tin maintenance in non-dividing cells. In the latter case the 
proteins encoded by the genes of the two types might be 
identical or differ by neutral amino acid substitutions. Our 
data on replacement gene of H4 support he second hypoth- 
esis. However, one should bear in mind that histones H3 and 
H4 are assembled into the chromatin as an (H3 H4)2 tetra- 
mer. It is possible, therefore, that in order to incorporate into 
chromatin the replacement variant histone H3.3, replication- 
independent expression of histone H4 is required and that the 
H4r gene fulfils this function. 
On the nucleotide level the four Drosophila H40RF se- 
quences are quite divergent, because of the presence of multi- 
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ple synonymous substitutions. As expected, phylogenetic anal- 
ysis by different methods [7] indicates that the cell-cycle regu- 
lated and replacement genes of two species are more related to 
each other than the two types H4 genes within one species. 
The number of synonymous substitutions per site between the 
H4r genes (Ks=l .30,  S.E.=0.16) is somewhat higher than 
that between the cell-cycle regulated H4 genes (Ks =0.94, 
S.E.=0.10). This is in contrast to the values obtained for 
the Drosophila H3 histones, whose variants evolve slower 
than replication-dependent genes [13]. The base composition 
at synonymous positions and the codon usage bias are quite 
similar between the two types of H4 genes. This indicates that 
the type of genomic organization (single copy versus tandem 
repeats) and the mode of regulation do not have much influ- 
ence on the evolution of these histone-encoding sequences in 
Drosophila. 
The untranslated regions of the D. melanogaster and 
D. hydei cDNAs display very little similarity. The same lack 
of conservation was observed for the Drosophila H3.3 genes 
[13]. This indicates that the evolutionary constraints on these 
regions of histone replacement genes are quite low in Droso- 
phila, in contrast o the vertebrate genes [17,18]. 
3.5. Evolution of the H4 replacement gene 
Replacement variants of core histones are thought to be 
evolutionarily ancient. The histone H2A variant probably di- 
verged from its cell-cycle regulated counterpart before the 
separation of fungi and ciliates from the rest of the eukaryotic 
phyla [19]. The histone H3.3 variant probably arose very early 
in animal evolution, before the split between invertebrates and 
vertebrates [2,13]. One would expect a similar evolutionary 
history for a histone H4 replacement gene. 
To establish the evolutionary relationships between genes, 
comparison of the intron positions is very useful. Histone H4 
genes were sequenced in many different species, but most of 
them do not contain introns. The exceptions are the H4 genes 
of certain fungi (from Neurospora, Aspergillus, Physarum). 
The intron positions in all these organisms are different 
from that of the Drosophila H4r. This correlates with their 
very early separation from the rest of the eukaryotes. Re- 
cently, two nematode intron-containing H4 sequences were 
deposited in the data bases. One of them, from C. elegans 
cosmid C50F4, which was sequenced as a part of the C. ele- 
gans Genome Sequencing Project [20], contains an intron at a 
position different from the H4r gene. The other, an incom- 
plete genomic sequence from Ascaris lumbricoides (EMBL ac- 
cession numbers Z69289 and Z69290, P. Duda et al., unpub- 
lished), contains an intron at a position identical to that of the 
Drosophila H4r. The H4 gene from Ascaris displays other 
properties of a replication-independent his one gene - -  the 
absence of the 3' terminal palindrome and the presence of 
the polyadenylation signal. Assuming that this gene is ex- 
pressed, one can conclude that it is the nematode homologue 
of the Drosophila H4r gene. This indicates that the histone H4 
replacement and cell-cycle regulated genes separated from 
each other early in animal evolution. It is noteworthy that 
the polypeptide, encoded by the Ascaris gene, is at four posi- 
tions different from the Drosophila sequence, while the two 
Drosophila histone H4 sequences are identical. However, judg- 
ing from the intron position and the 3' regulatory sequences, 
the replacement H4 genes from Ascaris and Drosophila are 
evolutionarily closer to each other than the replication-depen- 
dent and the replacement H4 genes of Drosophila. This would 
mean that histone H4 genes undergo coevolution within a 
species and that establishing the phylogenetic relationships 
between core histone genes based on protein alignments 
may be difficult. This conclusion is strengthened by the fact 
that the intron-containing H4 gene from the C. elegans cosmid 
C50F4 also encodes a protein identical to the cell-cycle regu- 
lated H4 of this species. The fact that its intron is positioned 
differently from that in Drosophila nd Ascaris H4 genes com- 
plicates the picture of the evolution of the replacement histone 
H4. Characterization of the replacement histone H4 genes 
from other higher eukaryotes will hopefully clarify this pic- 
ture. 
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